Edited by Amanda J. Fosang Macrophages are essential for innate immunity and inflammatory responses and differentiate into various functional phenotypes. Tribbles homolog 1 (Trib1), a member of the mammalian Tribbles homolog pseudokinase family, has been implicated in regulation of cell differentiation, proliferation, and metabolism, but its role in macrophage biology has not been fully elucidated. Here, we investigated the consequences of Trib1 deficiency on macrophage functions and M1/M2 polarization. Bone marrowderived macrophages (BMDMs) from Trib1-deficient (Trib1 ؊/؊ ) mice exhibited elevated phagocytic capacity, correlating with upregulation of several scavenger receptors. Concomitantly, uptake of modified low-density lipoprotein was increased in Trib1 ؊/؊ BMDMs. Trib1 ؊/؊ macrophages also exhibited diminished migration in the presence of the chemokine MCP-1, associated with reduced expression of the MCP-1 receptor Ccr2. Furthermore, Trib1 deficiency attenuated the response of BMDMs to both M1 and M2 stimuli; induction of the M1-marker genes Il6, Il1b, and Nos2 upon LPS/IFN␥ stimulation and of the M2-marker genes Cd206, Fizz1, and Arg1 upon IL-4 stimulation was reduced. Functionally, Trib1 deficiency decreased secretion of proinflammatory cytokines (IL-6, TNF␣, IL-1␤, and CXCL1) and reduced nitric oxide and reactive oxygen species production in M1-polarized macrophages. Supporting the attenuated M2 phenotype, IL-4stimulated Trib1 ؊/؊ macrophages secreted less IL-10 and TGF␤. Mechanistically, Trib1 ؊/؊ BMDMs displayed lower levels of Janus kinase 1 (JAK1), resulting in reduced activation of LPS/ IFN␥-mediated STAT1 signaling. Likewise, decreased levels of JAK1 along with lower activation of STAT6 and STAT3 were observed in M2-polarized Trib1 ؊/؊ BMDMs. Our findings suggest that Trib1 extensively controls macrophage M1/M2 polarization via the JAK/STAT signaling pathway.
well-established that macrophages possess a remarkable plasticity (1) . Depending on the microenvironment, macrophages can transform into different functional phenotypes with classically activated (M1) macrophages and alternatively activated (M2) macrophages representing the extremes of the phenotypic spectrum (2) . Macrophages are polarized toward the M1 phenotype, when they are exposed to proinflammatory Th1 cytokines (e.g. TNF␣, IFN␥) 2 or microbial products like lipopolysaccharide (LPS). Phenotypically, M1 macrophages express high levels of major histocompatibility complex II and produce high levels of proinflammatory cytokines (TNF␣, IL-1␤, IL-6, IL-12), reactive oxygen species (ROS), and NO. Hence, M1 macrophages are efficient in eliminating pathogens, infected cells and tumor cells. In contrast, M2 macrophages are polarized by anti-inflammatory Th2 cytokines such as IL-4 and IL-13 and are characterized by high expression of M2 marker genes like the mannose receptor Cd206 and Resistin-like ␤ (Retnlb, Fizz1). M2 macrophages produce anti-inflammatory cytokines (IL-10) and high levels of arginase 1 and functionally facilitate angiogenesis, tissue remodeling, and parasite defense (3, 4) .
M1 and M2 polarization of macrophages is regulated by several distinct signaling pathways. M1 polarization is triggered by activation of Toll-like receptor signaling, especially Toll-like receptor 4, by LPS and other microbial ligands, resulting in the activation of the NF-B and mitogen-activated protein kinase (JNK, p38, and ERK1/2) signaling cascades (5, 6) . Furthermore, IFN␥ stimulates the JAK/STAT pathway, resulting in activated STAT1 binding to the promoter regions of the hallmark M1-associated genes Nos2 and Il12 (7) (8) (9) . On the other hand, macrophages can be driven toward the M2 phenotype by IL-4, IL-10, and IL-13. Binding of IL-4 or IL-13 to IL-4 receptors results in activation and translocation of STAT6 into the nucleus (10, 11) where it induces the transcription of M2 marker genes and critical regulators of alternative activation (e.g. PPAR␥, PPAR␦) (12) (13) (14) .
This study was supported by Deutsche Forschungsgemeinschaft, Collaborative Research Centre "Obesity Mechanisms" Grant SFB1052-B07 (to R. B.) and a grant from Stiftung für Pathobiochemie und Molekulare Diagnostik (to J. D. and R. B.). The authors declare that they have no conflicts of interest with the contents of this article. This article contains Table S1 and Figs. S1-S7. 1 All signaling pathways that promote M1 or M2 polarization are tightly controlled by a multiplicity of post-translational regulators through diverse mechanisms (8) . Recently, the Tribbles pseudokinase family was implicated in the regulation of various cellular signaling pathways (15) . Instead of direct phosphorylation of target proteins, the three members of the Tribbles family (TRIB1, TRIB2, TRIB3) appear to act as adapter or scaffolding proteins mediating the interaction with signaling molecules and/or protein degradation (16) . For example, Tribbles proteins and the related pseudokinase STK40 contain binding motifs for the E3-ubiquitin ligase COP1 and can thereby facilitate the proteasome-mediated degradation of specific substrates (17, 18) .
In particular, TRIB1 was shown to interact with C/EBP transcription factors (C/EBP␣ and C/EBP␤) and regulate their stability in a COP1 dependent manner (18, 19) . TRIB1 was also shown to interact with MAP kinases and mediate signaling changes to MAPK cascades through mechanisms that are likely independent of COP1 (15, 16, 20 -23) . Although we and others have previously demonstrated a function for Trib1 in lipid metabolism (24 -26) , Trib1 has also been connected to inflammation (27, 28) and macrophage biology (29, 30) . With regards to macrophages, Trib1 deficiency altered the expression of inflammation induced genes in peritoneal macrophages in a C/EBP␤-dependent manner (30) . Additionally, Satoh et al. (29) reported an essential role of Trib1 in the development of tissue resident M2-like macrophages (F4/80ϩCD206ϩ). Mice lacking Trib1 exhibited a reduced number of M2-like macrophages in several organs. However, the molecular mechanisms leading to impaired M2 polarization have not been elucidated in detail, and a putative function of Trib1 in M1 polarization has not been addressed as of now.
Here, we investigated whether Trib1 deficiency alters the main macrophage functions. Therefore we analyzed the capability for phagocytosis, migration, and polarization. We report increased phagocytosis and diminished migration in Trib1 Ϫ/Ϫ BMDMs. Furthermore, Trib1 Ϫ/Ϫ BMDMs showed an impaired M1 and M2 polarization phenotype with a reduced activity of the JAK/STAT signaling pathway. Collectively, our data indicate an important role for Trib1 in controlling both M1 and M2 polarization.
Results

Trib1 deficiency alters macrophage phagocytosis and migration capability
We first characterized the consequences of Trib1 deficiency on major macrophage functions. One of the most important functions of macrophages is the uptake and degradation of pathogens by scavenger receptors. To clarify whether the absence of Trib1 influences phagocytosis capacity, we treated WT and Trib1 Ϫ/Ϫ BMDMs with FITC-labeled Escherichia coli particles and determined the engulfed fluorescence. Trib1-deficient macrophages showed a 1.9-fold mean increase of engulfed E. coli particles as compared with WT cells (Fig. 1A) . To examine whether the elevated uptake resulted from higher expression of scavenger receptors, we analyzed the expression profile of 10 common scavenger receptors. We found that seven of the tested Figure 1 . Trib1 deficiency alters macrophage phagocytosis and migration. WT and Trib1 Ϫ/Ϫ BMDMs were treated with FITC-labeled E. coli for 2 h at 37°C. Intracellular fluorescence was determined after the cells were incubated with trypan blue to quench the extracellular fluorescence (A). mRNA expression of scavenger receptors was analyzed in WT and Trib1 Ϫ/Ϫ BMDMs by qPCR using the ⌬Ct method and Actb as a housekeeping gene (B). acLDL uptake was determined by incubating BMDMs with DiI-labeled acLDL (25 g/ml) for 2 h. Fluorescence data from cell lysates was normalized to total cell protein (C). Macrophage migration over 16 h was investigated in medium with or without MCP1 (100 ng/ml) using a modified Boyden chamber (D). The level of Ccr2 mRNA expression under control conditions was determined in WT and Trib1 Ϫ/Ϫ BMDMs (E). The expression of proinflammatory (Il6, Il1b) and anti-inflammatory (Cd206, Arg1) marker genes was determined in naïve WT and Trib1 Ϫ/Ϫ BMDMs (E). The phagocytosis index (A), acLDL uptake (C), and gene expression levels (B, E, and F) were normalized to the values of the WT group and are shown as fold change. In D, all data were expressed as changes compared with the WT control group. All results are from three independent experiments using four mice per genotype. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
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scavenger receptors (Cd36, Cd68, Srb1, Scarf1, Cxcl16, Stab1, and Marco) were consistently up-regulated in Trib1 Ϫ/Ϫ BMDMs (Fig. 1B) . The expression of Sra, Cd163, and Lox1 was not changed (Fig. S1 ). To further corroborate the functional significance of increased scavenger receptor expression, we analyzed whether uptake of modified low-density lipoprotein (LDL) was also enhanced in Trib1 Ϫ/Ϫ BMDMs. When WT and Trib1 Ϫ/Ϫ BMDMs were incubated with DiI-labeled acetylated LDL (acLDL), uptake of acLDL was significantly increased by 30% in Trib1 Ϫ/Ϫ as compared with WT BMDMs (Fig. 1C ).
Activation of macrophages induces migration toward a presenting stimulus. To investigate the role of Trib1 in macrophage migration, we performed cell migration assays in a modified Boyden chamber using monocytotic chemoattractant protein 1 (MCP-1) as the most important chemokine for migration regulation. BMDMs from Trib1 Ϫ/Ϫ mice showed no difference under basal conditions compared with the WT control group. The presence of MCP-1 significantly increased the numbers of migrated WT BMDMs by 57%. In contrast, the migration of Trib1 Ϫ/Ϫ BMDMs was attenuated, with an increase of only 33% ( Fig. 1D ). Concomitantly, we observed a 2.2-fold lower expression of the MCP-1 receptor (Ccr2) in Trib1 Ϫ/Ϫ BMDMs, which could contribute to the impaired migratory response ( Fig. 1E ). We further analyzed the expression of proand anti-inflammatory genes in naïve BMDMs. Interestingly, we found lower expression levels of proinflammatory Il6 and Il1b, as well as lower expression levels of anti-inflammatory Cd206 and Arg1 in naïve Trib1 Ϫ/Ϫ BMDMs (Fig. 1F ), indicating an influence of Trib1 on basal activation status.
Trib1 expression is induced during M1 and M2 polarization of BMDMs
To investigate whether Trib1 is regulated in response to M1 and M2 polarizing stimuli, we treated BMDMs from C57/BL6 mice with either LPS/IFN␥ (for M1) or IL-4 (for M2) over a time course of up to 24 h and measured Trib1 mRNA expression levels. Trib1 expression was significantly induced under both M1 and M2 polarizing conditions. In M1-stimulated BMDMs, we found the highest induction (10.6-fold) of Trib1 expression after 1 h ( Fig. 2A ). Likewise, in M2 stimulated BMDMs, we observed a 5.6-fold increase after 1 h ( Fig. 2B ).
M1 and M2 polarization is impaired in Trib1-deficient BMDMs
Given the significant induction of Trib1 expression in response to M1 and M2 polarization stimuli, we next investigated the consequences of Trib1 deficiency on M1 and M2 polarization. Macrophage activation in response to LPS/IFN␥ (M1) or IL-4 (M2) treatment was validated by substantial shifts in gene expression of M1 (Il1b, Nos) and M2 (Arg1, Fizz1) markers between nonpolarized and M1 and M2 polarized BMDMs (Fig. S2 ). Comparing the M2 polarization status of WT and Trib1 Ϫ/Ϫ BMDMs after stimulation with IL-4 over 48 h, we observed lower expression of all tested M2 signature marker genes (Arg1, Fizz1, Cd206) in Trib1 Ϫ/Ϫ BMDMs (Fig. 3A) . Furthermore, gene and protein expression of PPAR␥, which is activated during M2 polarization and important for the acquisition and maintenance of the M2 phenotype (14, 31) , was diminished in Trib1 Ϫ/Ϫ BMDMs (Fig. S3, A and B) . Impaired M2 polariza-tion of Trib1 Ϫ/Ϫ BMDMs was also functionally corroborated by lower secretion of the M2 associated cytokines TGF␤ (1.48 Ϯ 0.06 versus 1.19 Ϯ 0.08 pg/ml, WT versus Trib1 Ϫ/Ϫ ; Fig. 3B ) and IL-10 (6.30 Ϯ 1.21 versus 2.84 Ϯ 0.31, pg/ml, WT versus Trib1 Ϫ/Ϫ ; Fig. 3C ).
To clarify the impact of Trib1 deficiency on M1 polarization, we examined characteristic properties of M1 polarized macrophages in response to LPS/IFN␥ stimulation. The expression of M1 marker genes Il6, Il1b, and Nos2 remained significantly lower in Trib1 Ϫ/Ϫ BMDMs as compared with WT controls (Fig. 3D ). To ensure that the changes in M1 marker expression were also reflected at a functional level, the secretion of proinflammatory M1 cytokines was quantified. In agreement with the gene expression data, we detected significantly lower levels of TNF␣, IL-6, IL-1␤, and CXCL1 in the supernatant of Trib1 Ϫ/Ϫ BMDMs (TNF␣: 68.2 Ϯ 18.3 versus 14.8 Ϯ 0.9; IL-6: 51.7 Ϯ 1.5 versus 24.7 Ϯ 7.8; IL-1␤: 7.3 Ϯ 2.5 versus 1.8 Ϯ 0.2; CXCL1: 22.5 Ϯ 5.5 versus 5.0 Ϯ 0.5; pg/ml, WT versus Trib1 Ϫ/Ϫ ; see Fig. 3E ). In addition, we verified the effects of Trib1 deficiency to reduce M1 activation by detecting NO production. Production of NO was determined by the accumulation of nitrite (the first stable metabolite of NO) in the supernatant of nonpolarized (M0) and M1 polarized macrophages. Nitrite levels were not detectable in the supernatant of M0 macrophages but were abundantly detectable in M1-stimulated macrophages, reflecting the induction of inducible nitric-oxide synthase enzymatic activity during M1 polarization. In agreement with lower Nos2 mRNA expression ( Fig. 3D ), nitrite levels were 39% lower in the supernatant of M1 polarized Trib1 Ϫ/Ϫ BMDMs (6.6 Ϯ 0.7 versus 4.0 Ϯ 0.7 mol/L, WT versus Trib1 Ϫ/Ϫ ; Fig. 3F ). Likewise, the production of ROS, another hallmark of M1 macrophages, was significantly reduced in M1 stimulated Trib1 Ϫ/Ϫ BMDMs as compared with WT controls (Fig. 3G ).
Collectively, these data indicate that Trib1 plays an as yet underappreciated function in both M1 and M2 polarization of macrophages. Because Trib1 deficiency impaired response to both LPS/IFN␥and IL-4 -induced polarization, we tested whether increasing concentrations of stimuli could equalize the induction of M1 and M2 polarization markers. However, the blunted response of Trib1 Ϫ/Ϫ macrophages was not dose-dependent and maintained across the entire range of tested con- Trib1 regulates macrophage M1 and M2 polarization centrations (Fig. S4 ). These data suggest that Trib1 does not merely alter the activation threshold to M1 and M2 stimuli.
Trib1 deficiency impairs activation of the JAK/STAT signaling pathway in M1-and M2-activated macrophages
To address potential underlying molecular mechanisms leading to impaired macrophage polarization in Trib1 Ϫ/Ϫ BMDMs, we evaluated the activation of major signaling pathways in response to M1 and M2 stimuli. Given the known interaction of Trib1 and C/EBPs, we first reassessed the C/EBP pathway, which has previously been shown to modulate both M1 and M2 polarization of macrophages (32) . C/EBP␣ was only modestly increased in Trib1 Ϫ/Ϫ BMDMs, whereas C/EBP␤ was comparable to WT controls (Fig. S5, A and B) . Next, we examined whether Trib1 deficiency alters response to LPS/IFN␥-induced signal transduction: LPS-mediated initiation of M1 polarization activates the MAP kinases p38, ERK1/2, and JNK, as well as the NF-B cascade. However, Trib1 Ϫ/Ϫ BMDMs did not show differences in the activation of the NF-B subunit p65 and the MAP kinases p38, ERK1/2, and JNK as compared with controls ( Fig. S6 , A-D). Furthermore, binding of IFN␥ to its receptor activates the JAK/STAT pathway, resulting in the phosphorylation and dimerization of STAT1 molecules, which is crucial for M1 macrophage polarization (7) . Interestingly, in response to LPS/ IFN␥ treatment, Trib1 Ϫ/Ϫ BMDMs exhibited significantly lower levels of phosphorylated STAT1 and a reduced pSTAT1/ STAT1 ratio (Fig. 4A) .
Activation of the JAK/STAT signaling pathway also promotes M2 macrophage polarization via phosphorylation of STAT3 and STAT6 proteins. To investigate STAT signaling under M2 polarizing conditions, Trib1 Ϫ/Ϫ and WT control BMDMs were stimulated with IL-4. We detected a profound reduction of phosphorylated STAT6 and the pSTAT6/STAT6 ratio in Trib1 Ϫ/Ϫ BMDMs (Fig. 4B ). Further, Trib1 Ϫ/Ϫ BMDMs Gene expression of M2 macrophage markers Arg1, Fizz1, and Cd206 (A) and M1 macrophage markers Il6, Il1␤, and Nos2 (D) was measured in BMDMs from WT and Trib1 Ϫ/Ϫ mice after stimulation with either IL-4 (20 ng/ml, A) or LPS (100 ng/ml)/IFN␥ (20 ng/ml, D) for 48 h. Gene expression levels were calculated by the ⌬Ct method using Actb as a housekeeping gene; values are presented as relative changes compared with control group. The levels of secreted cytokines in M2 polarized macrophages (TGF␤, IL-10) (B and C) and M1 polarized macrophages (TNF␣, IL-6, IL-1␤, CXCL1) (E) were measured by ELISA. Nitrite levels as marker of NO synthase activity were determined using Griess reagent in culture medium of naïve (M0) and M1 polarized BMDMs (F). ROS production was detected by using a ROS sensitive fluorescence probe and was measured in naïve (M0) and M1 polarized (24 h LPS (100 ng/ml)/IFN␥ (20 ng/ml)) BMDMs from WT and Trib1 Ϫ/Ϫ mice (G). All results are from two to three independent experiments of four mice per genotype. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; n.d., not detectable. conditions. An anti-GAPDH antibody was used to assess equal protein loading (A-I). All panels display a representative blot from two to four independent experiments with two samples per genotype used in each experiment. Relative quantification of phosphorylated and total protein was performed using the ImageJ software and is shown below each blot. For quantitative analysis, data were normalized to the WT group and presented as fold change (mean Ϯ S.D.). *, p Ͻ 0.05; **, p Ͻ 0.01. The striped columns represent WT control, and the solid white columns represent Trib1 Ϫ/Ϫ BMDMs. The asterisks in A-C indicates that membranes were cut below the 115-kDa marker to allow parallel incubation with different antibodies.
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also displayed diminished phosphorylation of STAT3 and a reduced pSTAT3/STAT3 ratio as compared with WT controls (Fig. 4C ). Collectively, these data strongly suggest that attenuated activation of STAT signaling pathways may underlie the impaired response to both M1 and M2 stimuli in Trib1 Ϫ/Ϫ BMDMs.
Given the reduced STAT activation in Trib1 Ϫ/Ϫ BMDMs, we hypothesized that the common upstream regulator JAK may cause the diminished STAT activation. Therefore, we analyzed abundance and activation of the different JAKs according to the polarization status. Under M1 polarizing conditions JAK1 and JAK2 are responsible for transmitting the activation signal to STAT1 molecules (33) . Interestingly, LPS/IFN␥-treated Trib1 Ϫ/Ϫ BMDMs demonstrated significantly lower levels of total JAK1 protein but a comparable JAK1 activation, evidenced by an equal pJAK1/JAK1 ratio as compared with WT controls (Fig. 4D ). Trib1 deficiency did not alter phosphorylated or total JAK2 (Fig. 4E) .
In macrophages stimulated with IL-4, M2 polarization is initiated by phosphorylation of JAK1 and JAK3 (34) . Similar to the observation in M1-stimulated macrophages, abundance of JAK1 protein was significantly reduced in Trib1 Ϫ/Ϫ BMDMs stimulated with IL-4 ( Fig. 4F ). Here, we also observed a modest reduction in the pJAK1/JAK1 ratio (Fig. 4F ). Trib1 Ϫ/Ϫ BMDMs treated with IL-4 also displayed a tendency to lower total JAK3 levels and lower phosphorylated JAK3 (Fig. 4G) . Together, these data support the notion that Trib1 deficiency in macrophages leads to lower JAK abundance, which attenuates subsequent activation of STAT signaling in response to M1 and M2 stimuli.
To investigate whether the lower abundance of JAKs in Trib1 Ϫ/Ϫ BMDMs is due to lower gene expression, we determined mRNA expression of Jak1 and Jak3. Levels of Jak1 and Jak3 mRNA were only modestly reduced in Trib1 Ϫ/Ϫ BMDMs (Fig. S7 ), which is unlikely to account for the lower protein abundance. Because activation of the JAK/STAT pathway can also be inhibited by elevated suppressors of cytokine signaling (SOCS), we analyzed the protein levels of SOCS1 and SOCS3 in response to M1 and M2 stimuli. In BMDMs treated with IL-4, we observed comparable levels of SOCS1 and SOCS3 between WT and Trib1 Ϫ/Ϫ cells (Fig. 4H) . In BMDMs treated with LPS/ IFN␥, levels of SOCS1 were also comparable, whereas levels of SOCS3 actually tended to be lower in Trib1 Ϫ/Ϫ BMDMs (Fig.  4I) . Therefore, reduced abundance and activation of JAKs/ STATs in Trib1 Ϫ/Ϫ BMDMs are unlikely to result from elevated SOCS1 and SOCS3. Collectively, our observations identify Trib1 as a novel modulator of the JAK/STAT signaling pathway in M1 and M2 macrophage polarization. Trib1 modulates the abundance of JAKs and thereby adjusts the activation of STAT signaling molecules in response to stimulation with LPS/IFN␥ or IL-4, which subsequently affects pro-and antiinflammatory gene expression ( Fig. 5 ).
Discussion
In the present study, we demonstrated that Trib1 contributes to major macrophage functions including phagocytosis, migration, and polarization. Trib1 deficiency in bone marrow-derived macrophages resulted in increased phagocytosis and reduced migratory response to the chemoattractant MCP-1. Furthermore, we observed an impaired induction of M1 marker genes, along with lower secretion of proinflammatory cytokines, ROS and NO production in Trib1 Ϫ/Ϫ BMDMs upon stimulation with LPS/IFN␥. Likewise, induction of M2 markers and secretion of M2 cytokines were reduced upon stimulation with IL-4 in Trib1 Ϫ/Ϫ BMDMs. Moreover, we provide evidence that reduced activation of the JAK/STAT signaling pathway is responsible for the impaired M1 and M2 phenotype in Trib1 Ϫ/Ϫ BMDMs.
Trib1, together with Trib2 and Trib3, constitutes the mammalian tribbles family of genes, which encode well-conserved pseudokinase proteins involved in the regulation of intracellular signaling networks (16) . Previous studies indicate that functional properties of tribbles are highly context-dependent and tissue-specific, which may explain the pleiotropic role in several diseases (15, 16, 27) . However, to date, the physiologic roles of tribbles proteins have remained largely unknown. Notably, Trib1 has been associated with atherosclerosis, dyslipidemia, and obesity (24 -26, 28) , all of which are characterized by chronic inflammatory states and the involvement of macrophages in disease pathology. Trib1 was shown to impair cytokine gene expression in white adipose tissue and suggested to serve as a functional receptor in the communication between adipocytes and immune cells (28) . Further, Trib1 deficiency was reported to result in a severe reduction of F4/80ϩMR (mannose receptor) ϩ tissue-resident M2-like macrophages in various organs (29) . Our findings in bone marrow-derived macrophages corroborate a role of Trib1 in M2 polarization, because a lack of Trib1 impaired M2 polarization. In addition, we provide evidence for the first time that Trib1 has a functional role in M1 polarization of BMDMs, suggesting that Trib1 acts as a bidirectional regulator of macrophage M1 and M2 activation. The impaired response of Trib1 Ϫ/Ϫ BMDMs to LPS/IFN␥ or IL-4 treatment was also maintained at higher concentrations, which implies that Trib1 does not merely alter the activation threshold to M1 and M2 stimuli.
Macrophage polarization is controlled by multiple signaling pathways, transcription factors, and post-transcriptional regulators. Activation of the JAK/STAT signaling pathway has a 
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pivotal role for M1 and M2 polarization in response to IFN␥ or IL-4, respectively (3, 35) .
We identified impaired activation of STAT3 and STAT6 in IL-4 -stimulated Trib1-deficient BMDMs. IL-4 -induced activation of the transcription factor STAT6 is the major signaling pathway in M2 activation, with STAT6 regulating the expression of many M2 associated marker genes including Arg1, Cd206, and Fizz1 (36), all of which showed lower expression in Trib1 Ϫ/Ϫ BMDMS. Interestingly, phosphorylation of STAT3 was also reduced in Trib1 Ϫ/Ϫ BMDMs treated with IL-4. Commonly, STAT3 activation is caused by binding of IL-10 to the IL-10 receptor, but recent work indicates that STAT3 phosphorylation in macrophages may also be induced by IL-4 treatment (37). Furthermore, we observed lower levels of PPAR␥ mRNA and protein in IL-4 -stimulated Trib1-deficient macrophages. Recent studies demonstrated cross-talk between the nuclear receptor PPAR␥ and the IL-4/STAT6 axis that may coordinately control the M2 phenotype (38) . PPAR␥ is induced and activated by IL-4 -mediated signaling and contributes to the acquisition and maintenance of the M2 polarization status (14) . Further, Odegaard et al. (31) demonstrated that PPAR␥deficient macrophages are resistant to M2 polarization. Hence, it is conceivable that reduced levels of phosphorylated STAT3, STAT6, and lower levels of PPAR␥ may collectively underlie the impaired M2 phenotype in Trib1-deficient BMDMs.
Whereas activation of STAT3/STAT6 is crucial in controlling M2 polarization, STAT1 signaling is the major determinant for M1 polarization. STAT1 is activated by the binding of IFN␥ to its receptor and induces the expression of many proinflammatory M1-related genes (7, 9) . We demonstrated that Trib1 Ϫ/Ϫ BMDMs exhibit reduced levels of activated STAT1 molecules, which may explain lower expression levels of M1-associated genes in Trib1-deficient BMDMs.
In addition to STAT1 signaling, M1 polarization is triggered by the activation of the NF-B and MAP kinase signaling pathways, including JNK, p38 and ERK1/2 (5, 6, 39) . Previous studies indicate that Trib1 modulates signal transduction in the MAPK pathway in HeLa cells and smooth muscles cells (21, 22) . Furthermore, Trib1 was implicated as a transcriptional coactivator for NF-B/RelA in the control of cytokine gene expression in white adipocytes (28) . However, we did not detect altered activation of the MAPK and NF-B pathways in Trib1deficient macrophages. These discrepancies may be ascribed to context and tissue/cell type-specific functions of Trib1. Further, the use of primary cells versus established cancer cell lines that often show aberrantly activated MAPK signaling may account for these differences.
In light of our data, it appears more likely that reduced activation of STAT molecules underlies the impaired M1 and M2 polarization of Trib1 Ϫ/Ϫ BMDMs. STAT activation is controlled by the receptor-associated JAK phosphorylation (40) . In M1 polarization, IFN␥ induces the activation of JAK1 and JAK2, and in M2 polarization IL-4 induces the activation of JAK1 and JAK3 (41) . Our findings indicate that Trib1 deficiency leads to lower protein levels of JAK1, the common upstream factor in M1 and M2 signaling, as well as a reduction of JAK3. As a consequence of the lower JAK abundance, JAK-mediated phosphorylation of STAT1, STAT3, and STAT6 in response to IFN␥ or IL-4 is reduced, which in turn impairs expression of respective pro-and anti-inflammatory STAT target genes (Fig. 5) .
Currently, it is not clear how Trib1 controls the abundance of JAK1 and JAK3 in macrophages. Jak1 and Jak3 mRNA expression was only modestly reduced in Trib1 Ϫ/Ϫ BMDMs. Hence, a post-transcriptional regulation of JAKs by Trib1 seems more plausible. This would also be in line with the proposed function of TRIB1 as an adaptor protein that mediates the stability and degradation of binding partners (16) . Because TRIB1 interacting proteins are thought to accumulate in the absence of TRIB1, it is tempting to speculate that Trib1 deficiency leads to the accumulation of a negative regulator of JAKs. Future studies aimed at elucidating the precise molecular mechanisms with which TRIB1 regulates the abundance of JAKs, as well as identifying the participating TRIB1 interaction partners, should lead to further understanding of the role of TRIB1 in macrophage biology and inflammatory diseases.
Experimental procedures
Animals
Male Trib1 Ϫ/Ϫ mice on C57BL/6 background and WT littermate control (WT) mice (25) were used for bone marrow isolation at the age of 20 weeks. WT and knockout mice were cohoused in individually ventilated cages on a 12-h light/dark cycle with free access to food (standard chow diet (ssniff)) and water. Experiments were performed in accordance with the rules for animal care of the local government authorities and were approved by the animal care and use committee of Leipzig University, as well as by the animal care committee of the Bezirksregierung Leipzig, Germany (approval N10/13, T10/16).
Cell culture
BMDMs were generated from bone marrow cells of Trib1 Ϫ/Ϫ and WT mice as previously described (42) . Briefly, the mice were sacrificed, and the cells were collected by flushing tibias and femurs of 4 -8 mice/genotype with PBS/heparin, passed through a 40-m strainer (BD Biosciences), and centrifuged for 5 min at 1000 rpm. Subsequently, the cells were differentiated into macrophages in cultured Dulbecco's modified Eagle's medium supplemented with 10% FBS, 1% penicillin/streptomycin, and 20% L929 cell conditioned medium as a source of colony-stimulating factor-1. For each genotype (Trib1 Ϫ/Ϫ and WT), BMDMs from 3-5 different mice were differentiated separately, and afterward the cells were pooled and used for the experiments. For M1 and M2 polarization, 7.5 ϫ 10 5 cells (for RNA isolation) or 1 ϫ 10 6 cells (for protein isolation) were incubated with either 100 ng/ml LPS (R&D Systems) with 20 ng/ml IFN␥ (R&D Systems) or 20 ng/ml IL-4 (R&D Systems) over a time course of 0.5 to 48 h (as described in the figure legends). For dose-response experiments, BMDMs were treated with 0, 1, 10, 100, 500, or 1000 ng/ml LPS; 0, 1, 10, 20, 50, or 100 ng/ml IFN␥; or 0, 1, 10, 20, 50, or 100 ng/ml IL-4 for 48 h.
Cytokine secretion and NO synthase activity
BMDMs were polarized over 48 h. Then the media were replaced by serum-free Dulbecco's modified Eagle's medium
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and harvested after 6 h to determine secreted cytokines. Secreted TNF␣, IL-6, IL-1␤, CXCL1, and IL-10 were determined by multiplex cytokine assays (V-PLEX proinflammatory panel 1 kit; Mesoscale Discovery). TGF␤ was measured by an ELISA (mouse TGF-␤ 1 DuoSet ELISA; R&D Systems). The level of nitrite as a marker of NO synthase activity was measured by the Griess Reagent System (Promega).
Phagocytosis assay
To assay phagocytotic ability, the Vybrant phagocytosis assay (Molecular Probes) was employed according to the manufacturer's instructions. Briefly, 100,000 WT and Trib1 Ϫ/Ϫ BMDMs were seeded in 96-well plates and incubated with FITC-labeled E. coli particles for 2 h at 37°C. After quenching the extracellular fluorescence with trypan blue, the intracellular fluorescence was measured with a fluorescence plate reader at the wavelengths of 480 nm (excitation) and 520 nm (emission). Per assay, six replicates were analyzed per genotype; the mean values of Trib1 Ϫ/Ϫ BMDMs were calculated as changes compared with control group (phagocytosis index).
acLDL uptake
To determine scavenger receptor-mediated uptake of acLDL, 750,000 WT and Trib1 Ϫ/Ϫ BMDMs were seeded in 12-well plates and incubated with 25 g/ml DiI-labeled acLDL (Kalen Biomedical) at 37°C for 5 h. After incubation, the cells were washed two times with PBS, 0.4% BSA and three times with PBS. Then cells were lysed with lysis buffer (0.1 M NaOH, 0.1% SDS) for 1 h in the dark. Fluorescence intensity was determined with a fluorescence plate reader at 480 nm (excitation) and 520 nm (emission). Protein concentration was measured using the DC protein assay (Bio-Rad) according to the manufacturer's instructions. The results were expressed as g of absorbed DiI-labeled acLDL per mg of cell protein. Three replicates were analyzed per genotype in three independent experiments.
Migration assay
Migration assays were performed in 24-well plates with 8-m pore-size membrane inserts. WT and Trib1 Ϫ/Ϫ BMDMs (2 ϫ 10 5 cells) were added to the upper chamber and 600 l of serum-free medium, with or without the chemoattractant factor MCP1 (100 ng/ml, R&D Systems), were added in the lower chamber. The cells were incubated for 16 h at 37°C, and afterward, migrated cells were fixed on the inserts. Nonmigrated cells on the upper side of the membrane were removed with a cotton swab. The inserts with the migrated cells were stained with 4Ј,6Ј-diamino-2-phenylindole (Dako). Migration was determined by visualization and counting using a fluorescence microscope (Axio Observer; Zeiss). The number of migrated cells in five randomly chosen fields were counted in five replicates for each treatment. The migration index was calculated by the mean of the counted cells for each treatment. The migration index of the WT group in the absence of MCP1 (control) was set to 1, and all other values were related to that group.
ROS production assay
The total ROS/superoxide detection kit (Enzo Life Sciences) was employed according to the manufacturer's instructions.
Briefly, 100,000 WT and Trib1 Ϫ/Ϫ BMDMs were seeded in 96-well plates and cultured over 24 h with or without M1 or M2 stimuli. Subsequently, cells were washed and incubated with the provided oxidative stress detection reagent (1:2500) for 45 min at 37°C in the dark. Negative control cells were preincubated with 5 mM N-acetyl-L-cysteine, a ROS inhibitor, for 30 min before incubation with the detection reagent. Positive control cells were coincubated with 200 M pyocyanin in the detection reagent. Following the incubation period, the intracellular fluorescence was measured with a fluorescence plate reader at 488 nm (excitation) and 520 nm (emission). Per assay, six replicates were analyzed per genotype.
RNA isolation, RT-PCR, and qPCR
Total RNA was extracted using the RNeasy micro kit (Qiagen) according to the manufacturer's protocol. cDNA synthesis was performed from 1 g of total RNA with SuperScript II reverse transcriptase (Invitrogen), random hexamer primers p(dN) 6 (Roche Diagnostic), and dNTPs (Promega). Quantitative real-time PCR was performed using a SYBR Green Master Mix and primers for Il6, Il1b, Nos2, Arg1, Cd206, Fizz1, Cd68, Cd36, Srb1, Scarf1, Cxcl16, Stab1, Marco, Sra, Lox1, Cd163, Ccr2, Trib1, Pparg1, and Actb (␤-actin) (primer sequences are listed in Table S1 ). Gene expression levels were calculated by the ⌬Ct method using Actb as housekeeping gene.
Western blotting analysis
Total cell protein was isolated with radioimmune precipitation assay lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 0.5% sodium deoxycholate, 1% Igepal, 0.1% SDS) containing protease and phosphatase inhibitor mixture (Roche) from WT and Trib1 Ϫ/Ϫ BMDMs. Protein concentration was measured with the DC protein assay (Bio-Rad) according to the manufacturer's instructions. For Western blot analysis, 25 g of cell protein were loaded, and primary antibodies were incubated for 16 h. The following primary antibodies were purchased from Cell Signaling: phospho-NF-B p65 (Ser-536, catalog no. 8242), NF-B p65 (catalog no. 3033), phospho-p38 (Thr-180/Tyr-182, catalog no. 4511), p38 (catalog no. 9212), phospho-ERK1/2 (Thr-202/Tyr-294, catalog no. 4370), ERK1/2 (catalog no. 4695), phospho-JNK (Thr-183/Tyr-185, catalog no. 4668), JNK (catalog no. 9258), phospho-STAT3 (Ser-727, catalog no. 9134), STAT3 (catalog no. 9139), phospho-STAT1 (Tyr-701, catalog no. 9167), STAT1 (catalog no. 9172), phospho-JAK1 (Tyr-1022/Tyr-1023, catalog no. 3331), JAK1 (catalog no. 3344), phospho-JAK2 (Tyr-1007/Tyr-1008, catalog no. 3771), JAK2 (catalog no. 3230), phospho-JAK3 (Tyr-980/Tyr-981, catalog no. 5031), JAK3 (catalog no. 8863), PPAR␥ (catalog no. 2435), SOCS1 (catalog no. 3950), SOCS3 (catalog no. 2932), and C/EBP␣ (catalog no. 8178). Phospho-STAT6 (Tyr-641, catalog no. 54461) and STAT6 (catalog no. 44718) were purchased from Abcam, C/EBP␤ from Santa Cruz (catalog no. 150) and GAPDH from Fitzgerald (catalog no. 10R-G109a). For assessing total abundance of respective proteins, the blots were stripped with Western blotting stripping buffer (Thermo Fisher Scientific) according to the manufacturer's instruction and reprobed with the total antibody or the loading control antibody against GAPDH, respectively. Immunoblotting was performed Trib1 regulates macrophage M1 and M2 polarization at three times for each antibody, and the displayed blots represent one of each with similar results.
Statistics
The data in figures are presented as box-and-whisker plots showing minimum to maximum values. Otherwise, the data are expressed as means Ϯ S.D. Fold changes were calculated based on mean values. The data sets were analyzed for statistical significance using unpaired two-tailed Student's t test. p values of Ͻ0.05 were considered statistically significant. Levels of statistical significance are indicated by asterisks: p Ͻ 0.05 (*), p Ͻ 0.01 (**), and p Ͻ 0.001 (***). All experiments were carried out with at least six mice/genotype in three independent approaches.
